The Japan Aerospace Exploration Agency (JAXA) is developing an active debris-removing satellite using an electro-dynamic tether (EDT) system. A harpoon system is a promising strategy for attachment of the EDT to target debris. This paper investigates the properties of different harpoon tips, and their effect on perforation. Using a powder gun, six types of projectiles (flat, flat 3, cone, puncher 0, puncher 2 and puncher 4) were impacted upon target plates and evaluated in terms of their velocity, kinetic energy and penetration length. The target was a 3 mm thick plate of 2024-T3 aluminum alloy which replicated the surface of an H-IIA second stage. From the experiments, it was found that puncher 2 was the most effective for perforation.
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Introduction
Space debris population has been constantly increasing since the beginning of space development. Conventional measures to mitigate the current debris situation are insufficient and active debris removal (ADR) methods are required. It is thought to be necessary to remove 5 large debris per year to maintain the current quantity.
1)
The Japan Aerospace Exploration Agency (JAXA) is developing an ADR satellite using an electro-dynamic tether (EDT) system. Since most debris are not controlled in attitude and do not have a capture handle, a harpoon is a possible way of attaching the EDT; it does not require the debris removal satellite to have high precision attitude control.
The purpose of this study was to investigate different harpoon tips and their result on perforation. The target used was a 3 mm thick plate of 2024-T3 aluminum alloy, which replicated the surface of an H-IIA second stage. There are previous studies related to the perforation of an aluminum plate by a rod-like projectile, [2] [3] [4] [5] [6] but they focused on the behavior of aluminum. The present study has focused on the tip shapes of the projectiles, evaluating six design variations.
Experimental Setup
The experimental setup is shown in Fig. 1 . A projectile and its sabot were accelerated by a powder gun and were separated by a sabot stopper. Then, the projectile impacted the target plate. The projectile velocity was calculated by using a high-speed camera to measure the number of pixels of the projectile's movement between frames. 
Experiment
Targets and projectiles
Specifications of the target plate are shown in Table 1 . Generally, A2219-T87 is used as a material for rocket structure, but it cannot be easily obtained. Therefore A2024-T3 has been chosen as a material that has similar mechanical properties to A2219-T87. Both sets mechanical properties are shown in Table 2 .
Projectiles were made of S45C carbon steel. Tip shapes were flat, flat 3, cone, puncher 0, puncher 2 and puncher 4. The specifications of the projectiles are shown in Table 3 and each tip shape is shown in Fig. 2 . 
Evaluation indexes
An ideal harpoon for debris capture will perforate at a low velocity and thereby consume less kinetic energy. Thus, we set the following three evaluation indexes.
(1) Residual and initial velocity of the projectile (2) Absorbed and impact energy of the projectile (3) Penetration length of the projectile when it does not perforate the target plate
Experimental Results
Perforation holes created by the six types of projectiles are shown in Fig. 3 ; SN means Specimen Number. Perforation holes by flat, puncher 0, puncher 2 and puncher 4 type projectiles were circular; the holes produced by flat and puncher 0 type projectiles were regular. Holes produced by flat 3 and cone type projectiles exhibited flower petals shaped holes.
Experimental results are shown in Table 4 . 
Discussion
J. P. Lambert's formula and modification factor
To analyze the data, we used J. P. Lambert's formula:
where When a long rod penetrator strikes an aluminum target plate, this formula provides the limit velocity VL for perforation, and the residual velocity Vr. We added a modification factor, M, into this formula to consider the tip shape effects, and calculated it from the experimental conditions and data. The results are shown in Tables 5 and 6 . They show that flat and puncher 0 tips have the same value and the puncher 2 tip has the smallest modification factor. 
Residual and initial velocity
The results of the residual and initial velocity are shown in Fig. 4 . In this figure, "TV" means theoretical value calculated by J. P. Lambert's formula with the tip shape modification factor. Residual velocity increased proportionally to the initial velocity. The curves of flat and puncher 0 tips overlap each other because their tip shape modification factors have the same value. The residual velocity of the puncher 2 type projectile is higher than that of the others. 
Absorbed and impact energy
The results of absorbed and impact energy are shown in Fig.  5 . For the flat, flat 3, cone and puncher 2 types, the absorbed energy was constant with respect to the initial velocity. The puncher 2 type was the most efficient shape because the absorbed energy was lower than that of the others. Conversely, the absorbed energy of the puncher 0 type increased to 550 J and decreased rapidly, therefore the theoretical curve does not fit the data. The curve of puncher 4 also does not fit the data; two hypotheses are considered for this: The first is that the perforation holes were irregularly large; the holes of SN-082 and SN-038 are shown in Fig. 6 . These holes were not circular and it is thought that the formation of such holes has led to increased absorbed energy. The second is that the target plate was not fixed properly. Twelve bolts were used to fix the target plate to a jig in these experiments. If the bolts had not been fastened correctly, the sides of the plate could have moved towards the center at the moment of impact, and more impact energy could have been absorbed. 
Penetration length
Results of the penetration length and initial velocity are shown in Fig. 7 . The length and mass of all harpoons were the same, so the difference in penetration length was caused by the difference in tip shape. The figure shows that the puncher 2 projectile was superior to the flat, flat 3 and cone type projectiles and it agrees with the results of absorbed and impact energy. In addition, the limit velocity of these projectiles was 50-65 m/s, thus the impact velocity should be more than 70 m/s. 
Conclusion
In conclusion, the perforation properties of harpoons with a range of different tips were obtained and experimental data showed that the puncher 2 type was superior to others for perforation. We analyzed the data using Lambert's formula with a tip shape modification factor, and the theoretical values of flat, flat 3, cone, and puncher 2 types fitted the experimental data.
If a harpoon is used against a quick tumbling target in space, the incidence angle may not be 0 degrees. So further experiments simulating oblique incidence angles are required.
